Abstract: Sand and dust storms (SDS) are common phenomena in arid and semi-arid areas. In recent years, SDS frequencies and intensities have increased significantly in Iran. A research on SDS sources is important for understanding the mechanisms of dust generation and assessing its socio-economic and environmental impacts. In this paper, we developed a new approach to identify SDS source areas in Iran using a combination of nine related datasets, namely drought events, temperature, precipitation, location of sandy soils, SDS frequency, human-induced soil degradation (HISD), human influence index (HII), rain use efficiency (RUE) and net primary productivity (NPP) loss. To identify SDS source areas, we firstly normalized these datasets under uniform criteria including layer reprojection using Lambert conformal conic projection, data conversion from shapefile to raster, Min-Max Normalization with data range from 0 to 1, and data interpolation by Kriging and images resampling (resolution of 1 km). After that, a score map for the possibility of SDS sources was generated through overlaying multiple datasets under average weight allocation criterion, in which each item obtained weight equally. In the score map, the higher the score, the more possible a specific area could be regarded as SDS source area. Exceptions mostly came from large cities, like Tehran and Isfahan. As a result, final SDS source areas were mapped out, and Al-Howizeh/Al-Azim marshes and Sistan Basin were identified as main SDS source areas in Iran. The SDS source area in Al-Howizeh/Al-Azim marshes still keeps expanding. In addition, Al-Howizeh/Al-Azim marshes are now suffering rapid land degradation due to natural and human-induced factors and might totally vanish in the near future. Sistan Basin also demonstrates the impacts of soil degradation and wind erosion. With appropriate intensity, duration, wind speed and altitude of the dust storms, sand particles uplifting from this area might have developed into extreme dust storms, especially during the summer.
Sand and dust storms (SDS) are common and catastrophic phenomena in arid and semi-arid areas. These phenomena can damage infrastructures, telecommunications and crops, affect transportation through reduced visibility, and cause tremendous economic losses. Carrying diversified allergens, dust storms also significantly threaten human health (Goudie, 2009; Higashi et al., 2014; Powell et al., 2015) . In a general perspective, West Asia, including Arabian Peninsula, Syria, Iraq and Iran, has been recognized as one of the most important primary sources of dust (Prospero et al., 2002; Boloorani et al., 2013; WMO and UNEP, 2013) . The growing concern amongst countries in this region on SDS has led to numerous international meetings, cooperation and joint research to tackle sand and dust storms.
While there are many studies focusing on the atmospheric transport of dust particles and their paths, less effort has been made in the identification of SDS source areas. This identification will enable us to look into the factors generating SDS more effectively (Esmaili et al., 2006a) , and will improve our understanding of SDS mechanism and the effects of climate change and human activities on SDS occurrences. Despite the presence of abundant fine dust particles, SDS source regions exhibit spatial and temporal heterogeneities in dust emission characteristics, which makes the identification of SDS source areas a more complicated issue (Bullard et al., 2011; Bryant, 2013) . The primary method to identify SDS source areas depends on ground-based point measurements that limit the ability to study events to large spatial scales (Esmaili et al., 2006b) . With the development of satellite technology and computer science, remote sensing methods and meteorological simulation models have gradually played an important role in such large-scale studies. Using Total Ozone Mapping Spectrometer (TOMS) sensor on Nimbus 7 satellite, the global distribution of major atmospheric dust sources was identified (Prospero et al., 2002) . For its unique characteristics in the analysis of dust particles, thermal infrared data (TIR) was also applied in the research of SDS sources (Furman, 2003; Mohammad, 2012) . Other than the remote sensing methods, many meteorological models, especially HYSPLIT model (Hybrid Single-Particle Lagrangian Integrated Trajectory) (Draxler and Hess, 1997) , have been developed for the simulation of sand and dust storms (Wang et al., 2011; Ashrafi et al., 2014) . In addition, other models, such as CARMA-dust model (Barnum et al., 2004) and GOCART model (Ginoux et al., 2001) , are still being applied in SDS studies. In recent years, synthetic researches combining remote sensing, meteorological models and GIS tools have become more and more popular (Esmaili et al., 2006b; Gerivani et al., 2011; Hamidi et al., 2013; Zoljoodi et al., 2013; Cao et al., 2014) .
Iran is exposed to various environmental and social factors that contribute to desertification acceleration and land degradation. More than half of the Iranian provinces are suffering from critical wind erosion (Amiraslani and Dragovich, 2011; Keramat et al., 2011) . In recent years, dust storm frequencies and intensities have increased significantly in Iran. Sand and dust storms have brought huge impacts on the economy and environment of Iran and the daily life of the Iranians. At least 5 million people have been directly influenced by sand and dust storms, and many more have been indirectly affected by transferring sand particles into their living environments (Morabbi, 2011) . Under this background, a series of national actions authorized to Iran Environment Protection Organization (EPO) have been initiated to combat sand and dust storms, including the installation of monitoring stations for dust analysis, the enhancement of public awareness and public preparedness, and the development of SDS measurement systems using advanced technologies (Pegah Amiirdiivanii, 2012) . Dust activities are extremely sensitive to environmental and socio-economic parameters, and previous researches have provided plenty of natural and human factors indicating the occurrence of sand and dust storms. By weighing a series of geographic layers highly associated with sand and dust storms, this study aims to identify and monitor SDS source areas in Iran.
Study area
Iran, with area of about 1,648,000 km 2 , lies approximately between 25°03′N and 39°47′N in latitude and between 44°05′E and 63°18′E in longitude. The climate is mainly arid and semi-arid, except in the northern coastal areas and western parts. The area coverage of different types of climate in Iran is 35.5% hyper-arid, 29.2% arid, 20.1% semi-arid, 5.0% Mediterranean and 10.0% wet (Saboohi et al., 2012) . The average annual precipitation in Iran is about 251 mm, which is less than 1/3 of the average of the world (831 mm). The received precipitation extremely varies spatially and temporally and more than 70% of the annual precipitation is lost through evapotranspiration (Kousari et al., 2013) . In addition, with recent multi-year drought and intensive atmospheric systems affecting West Asia, Iran has become a country vulnerable to climate change related phenomena, especially sand and dust storms.
lationships with sand and dust storms. These indicators include: Drought events, temperature, precipitation, location of sandy soils, SDS frequency, human-induced soil degradation (HISD), human influence index (HII), rain use efficiency (RUE) and net primary productivity (NPP) loss. We then normalized these datasets under uniform criteria comprising layer reprojection using Lambert conformal conic projection, data conversion from shapefile to raster, Min-Max Normalization with data range from 0 to 1, data interpolation by Kriging and images resampling (resolution of 1 km). After a series of data processing, a weight was allocated to each dataset using our weight allocation criterion. Thus, we could develop a synthetic potential map for SDS sources by accumulating the weighted datasets, and final SDS source clusters were generated consequently.
SDS source indicators
Nine datasets were collected in this paper, including natural and human-induced ones (Table 1) . Drought events, referring to the condition of an insufficient supply of water necessary to meet the demand, have a remarkable potential to increase dust events especially in the external SDS source areas (Zoljoodi et al., 2013) . With inadequate rainfall and vast desert areas under dry climates, temperature and precipitation are considered as two important climatic factors causing the formation of sand and dust storms (Keramat et al., 2011) . Most of the SDS source regions are deserts, drying alluvial basins, large basins of internal drainage, areas of increased drought/ groundwater withdrawal, etc (Goudie, 2009; Muhs, 2013) . In this perspective, location of sandy soils in certain underground levels could provide us with the degree of desertification and serve as potential source regions. We could not conclude a high frequency area of SDS as a source area, however, it is extremely likely to be if this area is identified as deserts, alluvial fans, river bed sediments or marsh sediments, etc (Gerivani et al., 2011) . Human-induced Soil Degradation database was produced by GLASOD (ISRIC, 1990), using uniform guidelines and international cooperation of a large number of soil scientists. The soil degradation in the Human-induced Soil Degradation Map was categorized into four main types: water erosion, wind erosion, chemical deterioration and physical deterioration (Oldeman et al., 1990) . The degree of soil degradation was estimated in relation to changes in agricultural suitability, declined productivity and, in some cases, reduced biotic functions. HII dataset, which provides anthropogenic impacts on the environment in geographic projection, was created from nine global data layers comprising of human population pressure, human land use, infrastructures and human access. Where rainfall is the main limiting factor on biomass productivity, RUE, calculated as the ratio of annual NDVI and station-observed annual rainfall, is a good indicator of land degradation and reluctant phenomena (Snyman, 1998; Illius and O'connor, 1999) . NPP variation reflects land conditions and could be used as an indicator for SDS source areas.
Data normalization
Among the nine datasets, NPP Loss was already girdded at a 1-km resolution and needs only the process of reprojection. Location of sandy soils was firstly represented by accumulating mean sand contents in different depths, and then reprojected using Lambert conformal conic projection. The original form of temperature, precipitation, HII and RUE was gridded data with latitude-longitude coordinates. These datasets were processed with resampling after reprojection. Drought events was represented as shapefile with polygon indicating the extent of each specific drought event. Before resampling and reprojection, we converted this dataset to a new layer counting occurrence of drought by overlapping the polygons. Human-induced Soil Degradation map exhibited the degree of soil degradation with four levels: light, moderate, strong and extreme. The processing of this shapefile dataset also followed three procedures including format conversion, reprojection and resampling. SDS frequency was derived from meteorological data which included indicators of visibility and humidity. According to the definition by the World Meteorological Organization, dust storms are resultant of weather turbulences which introduce a high dust mass into the atmosphere, and consequently decrease the horizontal visibility to less than 1,000 m (Goudie and Middleton, 2006) . In this paper, we regard a meteorological phenomenon as a dust storm if the visibility was less than 1,000 m. Furthermore, a threshold of humidity (80%) was also set to distinguish from other weather phenomena like rain, mist or haze. After that, a map of SDS frequency (Fig. 1a) was generated based on meteorological data. The gridded SDS frequency map (Fig. 1b) was made compatible with all the other datasets by utilizing Kriging interpolation. Although the datasets above are normalized, the values for each dataset are dimensionally diversified. For example, drought events and SDS frequency are represented by times, while temperature is represented by degree Celsius and precipitation is shown in millimeter. In order to make it possible for overlay analysis, we applied Min-Max Normalization (Eq. 1) to all these nine datasets.
Where X * represents the normalized value and X represents the original value; Max and Min are maximum and minimum values in the sample data, respectively. Min-Max Normalization is a common linear transformation of the original data, with the result data ranging from 0 to 1.
Weight allocation criterion
In this paper, it's difficult to judge which database is more important since these databases were collected with different themes (drought, SDS frequency, NPP, climate, etc). Thus, we developed an average weight allocation approach (Fig. 2) , whose criterion followed the top-to-down concept with a basic rule: in a specific weight allocation, each item obtains weight equally. For example, the total weight was divided as drivers forming SDS source areas and related phenomena, thus both the drivers and related phenomena shared half of the total weight. Among these indicators, most of them had positive correlations with the distribution of SDS source areas except precipitation and RUE. For the convenience of overlay analysis, the final fractional weights were transformed into integer by multiplying their lowest common denominator. The average weight allocation approach could regulate the contribution of SDS source indicators in case that the databases are insufficient. If there are enough databases under a specific sub-item, such as Human Drivers, each database will be allocated with a smaller weight and the influence of Human Drivers will be exhibited with more details. Otherwise, each database will get a larger weight so that the sub-item could remain its contribution to the final result. With specific hierarchy, this criterion is also convenient in database management when some databases need to be updated or supplemented in our future work.
Remote sensing images
To give a better view of the SDS source characteristics, we collected the newly released Landsat 8 images in 2013. Landsat 8, as a significant improvement of Landsat series satellites, consists of two sensors: the Operational Land Imager (OLI) and the Thermal Infrared Sensor (TIRS). As the latest Landsat series, Landsat 8 not only receives stronger signals and improves signal-to-noise performance, but also adds new bands such as coastal and aerosol band (Band 1: ultra-blue), cirrus cloud band (Band 9), and adjusts the wavelength of each band which could avoid the atmospheric absorption feature (Li et al., 2013) . In this paper, we used the band composite of 6 (short infrared), 5 (near infrared) and 4 (red) to exhibit the characteristics of SDS source areas.
Results and discussion

Score map for the possibility of SDS sources
After overlaying each dataset with specific weight, we generated a score map for the possibility of SDS sources in Iran (Fig. 3) . In the score map, there are 4 suspected SDS source areas showing the highest scores: Al-Howizeh/Al-Azim marshes in Khuzestan province, the northeast part of Sistan and Baluchistan province, Tehran and Isfahan. Among the nine datasets above, drought events remains as a frequent disaster in Tehran, Isfahan and a few parts of Al-Howizeh/Al-Azim marshes. Temperature (mean temperature of the warmest quarter) contributes most to Al-Howizeh/Al-Azim marshes, and much more to the northeast part of Sistan and Baluchistan province, Besides these highest scored areas, the coastal region of Persian Gulf also presents a higher score. The other trend we can figure out from this score map is that the scores increase from north to west and south at the national level. Generally, Caspian Sea and central Iran present the lowest values under 3.5, while northeast and southeast show relative high scores ranging from 3 to 6 approximately. As for southern Iran, the average score could reach more than 6.
Normally, the higher the score, the more possible a specific area can be regarded as an SDS source area. However, this rule cannot be applied everywhere in Iran. Among the highest score areas, larger cities, like Tehran and Isfahan (cities within the circles in Fig. 3 ) always suffer from greater HII, and NPP loss would increase rapidly under dense anthropogenic activities. With contributions from related phenomena (drought 574 JOURNAL OF ARID LAND 2015 Vol. 7 No. 5 or SDS frequency), few large cities might obtain a higher score in the overlay analysis. Actually, Tehran, the capital and largest city in Iran, has been identified as one of the most frequent urban receptors of dust storms, according to previous literatures (Givehchi et al., 2013; Mohammadi et al., 2014) . Similarly, the area located at the south of Sistan Basin shows no evidence as an SDS source area on Landsat 8 images and Google Earth, although it presents high scores (ranging from 8 to 10 approximately) due to drought weather and frequent dust storms originating from Sistan Basin. The coastal region of Persian Gulf with higher scores also has potential as SDS source areas to a certain extent. Actually, previous study indicates that few parts of this coastal region have developed to be SDS source areas (Cao et al., 2014) .
The national trend in the score map for the possibility of SDS sources might be driven by complicated situations. Except for indigenous source areas, most sand and dust storms that happened in Iran came from eastern Syria, Iraq and Arabian Peninsula (Zoljoodi et al., 2013) . Under the influence of one of the most important trajectories of the summer "shamal", or "wind of 120 days" (Wilderson, 1991) , dust particles originating from Syria and Iraq are always enhanced in the west of Iran (Morabbi, 2011; AZIZI et al., 2012) , especially at the Iraq-Iran border (Rahimi et al., 2014) . Large quantities of deposited sand will accelerate desertification and consequently increase the possibility for this area to become an SDS source. As for the coastal areas of southern Iran, pre-frontal dust storms blowing from southern Arabian Peninsula and passing over Persian Gulf play a leading role in winter (Dadizadeh et al., 2013; Hamidi et al., 2013) . Sand and dust storms in southeastern Iran mainly occurred in Sistan Basin (Esmaili et al., 2006b; Rashki et al., 2013a) , which is also one of the most active SDS source areas in West Asia. Moreover, from both collected dataset and existing studies (Modarres and da Silva, 2007; Gerivani et al., 2011) , the annual precipitation in Iran shows a decreasing trend from northwest to southeast. As previously mentioned, precipitation has a negative correlation with the distribution of SDS source areas. Frequent sand and dust storms in the west and south of Iran, coupled with relatively dry weather and low precipitation, finally result in the national distribution of SDS source scores in the map.
Distribution of SDS source areas in Iran
With analysis of the score map above, the SDS source areas in Iran were identified (Fig. 4) . There are two prominent SDS source clusters in Iran: Al-Howizeh/ Al-Azim marshes and Sistan Basin. The Iranian part of Al-Howizeh/Al-Azim marshes is mainly located in Khuzestan province. Sitting on the trajectory of SDS blowing from eastern Syria and Iraq, one of the most important SDS paths in West Asia (Zoljoodi et al., 2013) , this area usually deposits sand particles to central and southwestern Iran. Sistan Basin, in addition to its significant impact on Sistan and Baluchistan province, is also an important source responsible for the dust storms in Pakistan and Afghanistan (Ekhtesasi and Gohari, 2013; Cao et al., 2014) .
Al-Howizeh/Al-Azim marshes consist of two main types of SDS source areas (Area a and Area b in Fig.  4) . The first type, Area a, is close to the Iraq-Iran border, which has long been dry and has developed sand dunes. The other type, Area b, is experiencing rapid land degradation or desertification. Without immediate intervention and protection, the SDS source area of Area b will eventually turn into the first type, i.e. Area a, and cannot be restored. SDS source in Sistan Basin shows another characteristic which we can conclude from the obvious stripes in the image: strong wind erosion. Large quantities of sand particles would be uplifted by the intense "Levar" winds in summer and stretch to Iran, Afghanistan and Pakistan (Rashki et al., 2012; Ekhtesasi and Gohari, 2013) .
Al-Howizeh/Al-Azim marshes
According to the HISD dataset, soil degradation is extremely severe in Al-Howizeh/Al-Azim marshes. Temperature is also higher in this region than in other provinces due to the desert climate here. Within the part of Al-Howizeh/ Al-Azim marshes in Khuzestan province, cities of Dezful, Ahvaz, Masjed-e-Soleiman, Abadan and Bostan have suffered more dust storms in recent decades (Zarasvandi et al., 2011) . Marshes between Tigris and the Euphrates alluvial plain used to be the largest wetlands in southwest Asia. However, Al-Howizeh/Al-Azim marshes are now the only remaining marshes straddling the border of Iraq and Iran (Richardson and Hussain, 2006) . To make matters worse, Al-Howizeh/Al-Azim marshes have also been suffering from an accelerating rate of deterioration within the last decades due to climate change, drought, military operations, over exploitation, dam projects, etc (Ali and Mahdi, 2008; Morabbi, 2011; Muhsin, 2011) . It would be well understood that, at a high rate of degradation, Al-Howizeh/Al-Azim marshes are likely to totally vanish in the next few years (Ghadiri, 2006) . Dust particles generated from this area also cause severe impacts on human health. For example, due to the chemical bombardment during the Iraq-Iran war (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) , the soil became contaminated with heavy metals (Keramat et al., 2011) , which could induce many diseases either by transportation of dust particles in air (Zarasvandi et al., 2011) or by sand deposition into water resources. Under the influence of frequent dust phenomena, the parameters of water quality including EC (electrical conductivity), TDS (total dissolved solids) and turbidity have exceeded beyond the standard levels in Karun River, the largest river in Iran. In any case, Al-Howizeh/Al-Azim marshes call for an immediate action to prevent land degradation and combat sand and dust storms.
Sistan Basin
Being affected by a series of factors including the complete dryness of Hamoun lakes, the reduction in soil moisture and vegetation cover, and the construction of reservoir dams and irrigation projects upstream (Rashki et al., 2013b; Alizadeh-Choobari et al., 2014) , Sistan Basin has now become another significant SDS source in West Asia. Because of the intensity, duration, wind speed and altitude of dust storms in Sistan Basin, dust loading from this area might have an important influence on the development of extreme dust storms, especially in the summer (Rashki et al., 2012) .
Wind erosion stripes are obvious in the Landsat 8 images of Sistan Basin, corresponding to the fact that this area suffers the most persistent strong near-surface winds lasting at least 4 months per year and occasionally reaching more than 28 m/s (McMahon, 1906; Saboohi et al., 2012) . Generally, the frontal winds in Sistan Basin can be categorized into two major classes, namely: ordinary front winds and hurricane front winds. Ordinary front winds usually have higher speeds but lower tensile strength, while hurricane front winds move upward and through the gap created in the front and crest of the storm drag with more dust upwards (Ekhtesasi and Gohari, 2013) . As for dust materials, dust storms in this area mainly consist of large quantities of quartz-rich, feldspar and mica-bearing silt, as well as mafic components from flood basalt sources and carbonate minerals from dolomites (Rashki et al., 2013b) .
Conclusions
By use of the existing datasets and their accessibility, we developed an average weight allocation approach to identify the SDS source areas in Iran. Each dataset was reproduced into uniform format for the convenience of overlay analysis, with series processes of reprojection, data format conversion, resampling, data normalization and interpolation. The score map was generated through the overlaying of each weighted dataset, and the final SDS source areas were identified correspondingly.
The score map for the possibility of SDS sources is generally in agreement with current situation and existing literatures, except for several large cities with significant human influence. Two main SDS source clusters located in Al-Howizeh/Al-Azim marshes and Sistan Basin were identified. Al-Howizeh/Al-Azim marshes are suffering rapid land degradation caused by natural and human-induced factors, and might vanish soon in the future. Without immediate action and protection, this area could generate more areas of SDS source. Sistan Basin always undergoes significant wind erosion and might contribute to extreme or super dust storms in summer.
In this paper, we developed an approach to identify SDS source areas in Iran using multiple datasets. The identification of SDS source areas will enable us to assess the socio-economic and environmental impacts of dust storms, and find effective strategies in controlling and combating SDS. Further research shall focus on the improvement of weight allocation criterion and the attempt for SDS source monitoring and forecasting.
